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The distributions of major and minor elements in Earth’s core and mantle were primarily established by high pressure, high
temperature metal–silicate partitioning during core segregation. The partitioning behaviors of moderately siderophile ele-
ments can be used to constrain the pressure–temperature conditions of core formation and the core’s composition. We per-
formed experiments to study the partitioning of Ni, Co, V, Cr, Si, and O between silicate melt and Fe-rich metallic melt in a
multianvil press and diamond anvil cell, up to 100 GPa and 5700 K. Combining our new results with data from 18 previous
studies, we parameterized the eﬀects of pressure, temperature, and metallic melt composition on partitioning. Ni and Co par-
titioning are insensitive to composition. At low pressures, these elements become less siderophile with increasing temperature,
with this trend reversing above 45 GPa. V and Cr partitioning are much more sensitive to metallic melt composition and less
sensitive to pressure. Partitioning of Si and O are insensitive to pressure, but with strong and moderate temperature depen-
dences, respectively. Our new parameterizations of Ni and Co partitioning suggest that the Earth’s distributions of these ele-
ments can be matched by single-stage core–mantle equilibration at 54 ± 5 GPa and 3300–3400 K. These conditions would
result in 8.5 ± 1.4 wt% Si and 1.6 ± 0.3 wt% O in the core, compatible with the core’s measured density. However, this
single-stage model matches the Earth’s V and Cr distributions less well. We also incorporated our parameterizations into
models of multi-stage core formation over evolving pressure–temperature-oxygen fugacity conditions, reproducing the
Earth’s Ni and Co distributions while simultaneously producing a core whose light element composition is consistent with
its density.
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. INTRODUCTION
The present-day compositions of the Earth’s core and
mantle were primarily established by chemical reactionshttp://dx.doi.org/10.1016/j.gca.2015.06.026
0016-7037/ 2015 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://crea
⇑ Corresponding author.
E-mail address: rﬁscher@uchicago.edu (R.A. Fischer).
1 Present address: Material Dynamics Laboratory, RIKEN
SPring-8 Center, 1-1-1 Kouto, Sayo-cho, Sayo-gun, Hyogo, 679-
5148 Japan.between metal and silicate at depth during the segregation
of the core (e.g., Ringwood, 1959; Li and Agee, 1996).
The partitioning behaviors of most elements change at high
pressures and temperatures (P and T), and knowledge of
how partitioning varies with P, T, and oxygen fugacity
(fO2) is required for understanding the observed mantle
composition for a chondritic bulk Earth (e.g., Li and
Agee, 1996, 2001; Ohtani et al., 1997; Righter et al., 1997;
Geßmann and Rubie, 1998; McDonough, 2003).
Energetic impacts during the Earth’s accretion causedtivecommons.org/licenses/by-nc-nd/4.0/).
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ocean. Liquid metal from the impacting bodies reacted with
this molten silicate as it sank through the magma ocean
(Rubie et al., 2003). Many aspects of this process remain
unconstrained, including the conditions of core formation
and chemistry at extreme pressures and temperatures. In
this study, we focus on determining the partitioning of six
elements to lower mantle pressures.
Studying metal–silicate reactions can improve our
understanding of the conditions of core formation.
Assuming a chondritic bulk Earth, the measured mantle
composition allows calculation of the core composition,
and thus the eﬀective metal–silicate partition coeﬃcients
of the bulk Earth (McDonough, 2003). These partition
coeﬃcients do not match the experimental values for most
elements at 1 bar, but begin to match at high pressures and
temperatures (e.g., Righter, 2003). The unique combination
of pressure, temperature, and oxygen fugacity conditions
that reproduce the observed partition coeﬃcients of all ele-
ments simultaneously are those of the Earth’s core forma-
tion. In addition, making some assumptions about the
way that pressure, temperature, and oxygen fugacity
evolved during core formation allows one to calculate the
evolution of partition coeﬃcients as the planet grows
(Wade and Wood, 2005; Wood et al., 2009; Ricolleau
et al., 2011; Rubie et al., 2011, 2015a; Wade et al., 2012).
For example, the Earth’s core is known to contain several
percent of some element(s) lighter than iron, based on its
seismologically inferred density (Birch, 1952).
Approximately 7–10 wt% oxygen (Jeanloz and Ahrens,
1980; Fischer et al., 2011) or 8–13 wt% silicon (Lin et al.,
2003; Sata et al., 2010; Mao et al., 2012; Fischer et al.,
2014; Zhang et al., 2014; Tateno et al., 2015) in an iron–
nickel alloy could match the outer core’s density and sound
velocity (though some studies disagree on this number; cf.,
Morard et al., 2013), but the partitioning behaviors of these
elements that could account for their presence in the core
need to be better understood to help discriminate between
these endmember cases.
Metal–silicate reactions between liquid metal and liquid
silicates at high P–T have been the subject of a large num-
ber of previous studies (e.g., Ito et al., 1995; Thibault and
Walter, 1995; Hillgren et al., 1996; Li and Agee, 1996,
2001; Jana and Walker, 1997; Ohtani et al., 1997; Righter
et al., 1997, 2010, 2011; Geßmann and Rubie, 1998;
Bouhifd and Jephcoat, 2003, 2011; Chabot and Agee,
2003; Chabot et al., 2005; Wade and Wood, 2005; Corgne
et al., 2008; Kegler et al., 2008; Cottrell et al., 2009;
Mann et al., 2009; Wood et al., 2009; Ricolleau et al.,
2011; Siebert et al., 2011, 2012, 2013; Wade et al., 2012;
Bouhifd et al., 2013; Tsuno et al., 2013). These studies have
produced a wide range of estimates of the eﬀective pressure
and temperature of core formation (see Rubie et al. (2015b)
for a recent review). Most of these studies used a
piston-cylinder apparatus or multianvil press, which has a
pressure limit of 25 GPa. However, several recent studies
have suggested that core formation took place at higher
eﬀective pressures, closer to 40–50 GPa (e.g., Wade and
Wood, 2005; Kegler et al., 2008; Mann et al., 2009;
Righter et al., 2011; Siebert et al., 2012). Models ofmulti-stage core formation reach pressures signiﬁcantly in
excess of this; for example, in the modeling described in
Section 4.3.2, as well as in the modeling of Rubie et al.
(2015a), the ﬁnal stages of core formation occur at
90 GPa. Therefore it is critical to understand metal–sili-
cate partitioning at these extreme conditions.
Only three datasets have been published on liquid
metal–liquid silicate partitioning in a diamond anvil cell
(Bouhifd and Jephcoat, 2003, 2011; Siebert et al., 2012,
2013), at pressures exceeding 25 GPa. These studies pro-
duced, for example, a combined total of 12 data points
on Ni partitioning and 10 for Co at P > 25 GPa, compared
to hundreds at lower pressures. (Other studies (e.g.,
Takafuji et al., 2005; Asahara et al., 2007; Ozawa et al.,
2008, 2009) focused on solubilities of elements in liquid
metal in contact with solid silicates or oxides, which are less
directly relevant to core formation.) Ni and Co partitioning
data at the pressures and temperatures of Earth’s core for-
mation allow for distinguishing among the range of eﬀec-
tive core formation pressures predicted from
extrapolations of multianvil press data (Bouhifd and
Jephcoat, 2003, 2011). The observed partitioning behaviors
of some elements at these conditions diﬀer from simple
extrapolations of their low pressure behaviors. For exam-
ple, V and Cr are observed to become much more sidero-
phile at higher P–T conditions, possibly due to
interactions with oxygen in the metal (Siebert et al.,
2013). The low pressure partitioning behaviors of Si and
O seem to suggest mutual incompatibility in metal due to
the reducing conditions necessary to put Si in the metal
(e.g., Malavergne et al., 2004), but higher P–T data reveal
that Si and O also both become more siderophile at these
conditions (Bouhifd and Jephcoat, 2011; Siebert et al.,
2012; Tsuno et al., 2013).
In this study, we performed ﬁve liquid metal–liquid sili-
cate partitioning experiments in a diamond anvil cell at 31–
100 GPa and up to 5700 K to better constrain the partition-
ing of Ni, Co, V, Cr, Si, and O at these extreme conditions.
We also present a set of similar experiments run in a multi-
anvil press at 15–25 GPa and 2720–2950 K. These elements
were selected for the following reasons: (1) the partitioning
of Ni and Co are commonly used to assess core formation
conditions, and they are the best-studied elements at lower
pressures (e.g., Li and Agee, 1996; Kegler et al., 2008); (2)
ambiguity surrounds the partitioning of V and Cr at high
pressures, due in particular to a possible change in their
partitioning behaviors at 30 GPa (Siebert et al., 2013),
and in addition these elements are useful indicators of oxy-
gen fugacity; and (3) Si and O are important because they
are likely light elements in the Earth’s core (e.g., Poirier,
1994; Alle`gre et al., 1995; McDonough, 2003).
2. METHODS
2.1. Diamond anvil cell experiments
Five experiments were performed in a laser-heated dia-
mond anvil cell at the University of Chicago. The metallic
starting materials were iron-rich alloys synthesized in a
piston-cylinder apparatus, containing small amounts of
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(metallic starting compositions are listed in Table A.1).
The silicate was either San Carlos olivine or ringwoodite
synthesized from a natural olivine, both approximately
(Mg0.9Fe0.1)2SiO4. The pressure, temperature, and oxygen
fugacity of each diamond cell experiment is listed in
Table 1, with starting materials listed in Table A.2.
Oxygen fugacity in log units relative to the iron–wu¨stite
(IW) buﬀer is deﬁned as:
DIW ¼ 2log10
asilFeO
ametFe
 
ð1Þ
where asilFeO is the activity of FeO in the silicate melt and a
met
Fe
is the activity of Fe in the metal, approximated here as their
mole fractions. Incorporating activities for Fe and FeO that
diﬀer from unity based on a thermodynamic model (Frost
et al., 2010) results in a calculated oxygen fugacity that is
higher by 0.4 log units, in agreement with previous studies
(Bouhifd and Jephcoat, 2011; Siebert et al., 2012). Two
experiments were run at almost identical conditions, with
the only diﬀerence being the silicon content of the metal.
Pressures were determined by ruby ﬂuorescence measure-
ments at room temperature (Mao et al., 1978) before and
after each experiment, with additional thermal pressure
(15–20% of the pre-heating pressure) estimated based on
two additional experiments with the same geometry run
with in situ synchrotron X-ray diﬀraction. Uncertainties
in pressure were determined based on uncertainties in the
ruby measurement and the thermal pressure correction.
Samples were loaded in rhenium gaskets preindented to
28 GPa, or in stainless steel gaskets preindented to
18 GPa. The metallic starting material was loaded as a
thin foil, between ﬂakes of silicate powder, with a few ruby
grains added as pressure markers. The sample assembly was
oven dried at 90 C after loading but before closing the
cell to remove any moisture. Samples were compressed to
a target pressure, then laser-heated from both sides with a
1064 nm Yb-doped ﬁber laser, which created laser-heated
spots 30 lm in diameter. Heating lasted 10 min, with
the temperature gradually increased throughout and the
laser intensity on each side adjusted to minimize axial tem-
perature gradients. The sample was quenched after holding
it at the target temperature for at least 15 s.
In addition to live time spectroradiometric temperature
measurements, two-dimensional temperature maps of the
laser-heated spot were measured using a four-color temper-
ature mapping system (Campbell, 2008; Fischer and
Campbell, 2010). In this method, images of the
laser-heated spot are captured at four wavelengths and spa-
tially correlated. At each pixel, a four-color ﬁt to the Planck
radiation function is performed using the greybody approx-
imation. An example of one of our temperature maps is
shown in Fig. 1. Mapping the temperature gradients allows
for better understanding of the chemistry and morphology
of our recovered samples. Quoted temperatures are the
average of the temperatures in the hottest region of the tem-
perature map within the diameter of the melt, measured on
both sides of the sample. Uncertainties in temperature
include the standard deviations of these values and an ana-
lytical uncertainty.
Fig. 1. Two-dimensional temperature map of the laser-heated spot
in one of our diamond anvil cell experiments, performed at 39 GPa.
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Run products of our diamond anvil cell experiments
were sectioned using a 30 keV Ga+ focused ion beam
(FIB) instrument at Friedrich Schiller University of Jena
(FEI Quanta 3D FEG). During sectioning the samples were
monitored by scanning electron microscopy using
back-scattered electrons to precisely locate the centers of
the laser-heated spots. Sections 2 lm thick were removed
from the centers via an in situ micromanipulator, mounted
on Cu grids using ion beam-induced Pt deposition, and
thinned to 150 nm thickness by the Ga+ ion beam for
analysis by energy dispersive X-ray microanalysis (EDX)
in a transmission electron microscope (TEM). They were
later thinned further to 60–80 nm thickness for electron
energy loss spectroscopy (EELS). Thinning took place at
decreasing ion beam currents of 300 to 50 pA and incident
angles of less than 4 relative to the foil surface. In some
cases ﬁnal thinning was done using 5 keV Ga+ ions to min-
imize Ga implantation.
Analytical transmission electron microscopy was per-
formed at the University of Bayreuth using a Philips CM20
ﬁeld emission gun scanning TEM operating at 200 kV. A
large (0.5–2.0 lm) beam was used to average over quench
textures (Section 3), while a small beam was used to investi-
gate individual mineral grains and compositional gradients.
Quenched silicate and metallic melts were each analyzed in
4–8 spots by EDX. Evaluation of TEM-EDX spectra
involved the use of experimentally-calibrated k-factors of
oxygen, magnesium, silicon, calcium, chromium, and iron
(van Cappellen, 1990), k-factors estimated from theory for
vanadium,manganese, cobalt, and nickel, and an absorption
correction based on approximate densities and sample thick-
nesses (see the supplemental text for details). To measure
trace elements, we accumulated several EDX spectra from
the silicate melt and the iron alloy with longer acquisition
times (600 s) and higher count rates, up to 5.5 kcps (deadtime up to 30% for a pure Ge solid state detector). Typical
detection limits are 240 ppm for V in metal and 250 ppm
forCrO in silicate, for example, so our reported peaks are sta-
tistically signiﬁcant. Uncertainties were mainly calculated as
standard deviations of multiple measurements, which cap-
ture the dominant sources of uncertainty. Further details
about the detection limits and analytical uncertainties in
our EDX measurements may be found in the supplemental
text.
Following further FIB thinning, the metal was reana-
lyzed by EELS to determine the Fe/C and Fe/O ratios.
The FIB lamellae were cleaned by a plasma cleaning system
prior to TEM-EELS analyses. We calibrated ratios of par-
tial ionization cross-sections of carbon and oxygen against
iron in EELS analysis in an FEI Titan G2 80-200 S/TEM
equipped with an energy ﬁlter system, Gatan GIF
Quantum SE, operating at 200 kV under an oil-free vacuum
system. The quantiﬁcation of the EELS analyses followed
the procedure described by Miyajima et al. (2009), using
experimentally determined ratios of partial cross sections
of C K and O K edges against the Fe L edge versus sample
thickness, which were calibrated with synthetic Fe0.94O and
Fe3C samples. The Fe3C standard was synthesized at 1–
2 GPa and <1100 C. The coexisting bcc-Fe metal con-
tained <7 at% carbon, so we can assume the carbide phase
is almost stoichiometric, 23–25 at% carbon (Walker et al.,
2013). Detection limits in EELS measurements depend
strongly on the thickness of the sample. For samples 60–
80 nm thick, detection limits are 0.8 at% for oxygen and
0.6 at% for carbon (Miyajima et al., 2009). Thickness
eﬀects were corrected using a linear relation between the
partial cross-section ratio of the inelastic electron scattering
and the sample thickness without corrections of multiple
scatterings (Miyajima et al., 2009).
2.3. Multianvil press experiments and analyses
We also ran 15 experiments in a multianvil press at pres-
sures of 15–25 GPa and temperatures of 2720–2950 K at
the University of Bayreuth. Starting materials were pow-
dered mixtures of metal and silicate. The metals were mix-
tures of Fe or Fe–9 wt% Si alloy and trace amounts of Ni,
Co, V, Cr, and/or W (2–5 wt% each). In three experiments,
a larger amount of Ni (20 wt%) was added. The starting sil-
icates were either natural San Carlos olivine or synthetic
olivines with varying iron contents ((Mg1xFex)2SiO4 with
x = 0.05–0.3). The samples were packed into single crystal
MgO capsules. The pressure, temperature, and oxygen
fugacity of each experiment are listed in Table 1, with start-
ing materials and durations listed in Table A.2. Again, cal-
culating oxygen fugacity using a thermodynamic model for
activity coeﬃcients (Frost et al., 2010) results in a value that
is higher by 0.4 log units, in agreement with previous
studies (e.g., Cottrell et al., 2009; Siebert et al., 2011;
Bouhifd et al., 2013).
The pressure medium was a 10 mm edge length
Cr2O3-doped MgO octahedron, with 4 mm or 5 mm trun-
cated edge length tungsten-carbide anvils. A cylindrical
LaCrO3 heater was used. Temperature was measured by a
W–Re thermocouple type-D (except for one run), whose
(A)
(B)
Fig. 2. TEM images of two of our recovered diamond cell
experiments. (A) Sample recovered from 57 GPa and 4440 K, dark
ﬁeld image. (B) Sample recovered from 100 GPa and 5700 K,
bright ﬁeld image.
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one run, two capsules were loaded together but without a
thermocouple, and temperature was estimated from the
input power to the heater. The duration time at a target
temperature was 2–10 min, then the sample was quenched
by turning oﬀ the electric power to the heater.
Uncertainties in pressure and temperature were approxi-
mately ±1 GPa and ±100 K, respectively, based on the
reproducibility of phase transitions in Mg2SiO4 at 1873 K
and on the power–temperature relationship. Note that the
uncertainty in pressure is not as well deﬁned at higher tem-
peratures due to a lack of calibration.
Following each experiment, the sample was polished and
then analyzed by an electron microprobe (JXA-8200) with
wavelength dispersive X-ray spectroscopy. An accelerating
voltage of 15 kV and a beam current of 20–50 nA were used
for both metal and silicate phases. A defocused beam was
used with a diameter of 5–30 lm for quenched metal and
silicate melts. A typical counting time for each element peak
was 20–30 s for major elements (Fe, Mg, Si) and 40–60 s for
trace elements, including Si and O in the metal. A series of
metals and oxides were used as internal standards. With the
present analytical methods, the detection limits for trace
elements were 50–100 ppm (except for W, whose detection
limit was 100–200 ppm). To obtain bulk compositions of
quenched metallic and silicate melts, multiple analyses with
a defocused/raster-scanned electron beam (5–30 lm) were
averaged. The size of the beam was changed, depending
on the size and shape of the metal and silicate regions, in
order to avoid contamination by adjacent phases.
3. RESULTS
Compositions of the quenched silicate and metallic melts
from our ﬁve diamond anvil cell experiments and our 15
multianvil press experiments are reported in Table A.2.
Uncertainties are reported as the standard deviations of
several TEM-EDX, EELS, or microprobe measurements.
The starting metal in our experiments contained neither
oxygen nor carbon (Tables A.1 and A.2). The oxygen in the
quenched metallic melt originated from the silicate melt,
while the carbon in diamond cell experiments likely diﬀused
in from the diamond anvils. Carbon is present in the metal-
lic melt but is below detection limits in the silicate melt. It is
known to be strongly siderophile at pressures up to 5 GPa
(Dasgupta et al., 2013; Chi et al., 2014; Li et al., 2015), so its
absence in the silicate indicates that the carbon was in the
system during the high P–T experiments and was not intro-
duced as a contaminant during analyses. The light element
content of the metal increases with increasing temperature
and pressure, reaching 11.3 wt% O, 8.8 wt% Si, and
0.9 wt% C at 100 GPa and 5700 K (Table A.2).
Our diamond anvil cell experiments result in similar oxi-
dation states (relative to the IW buﬀer) regardless of the
small diﬀerences in composition of the starting material
(Table A.2), and in general diamond anvil cell experiments
produce higher oxidation states than multianvil press exper-
iments (Table A.3). Siebert et al. (2012, 2013) similarly
report uniform high oxidation states in their diamond cell
experiments. This phenomenon can be explained by theincreased partitioning of Si into the metal relative to Fe
at higher pressures and temperatures (Section 4.1.3), which
increases the FeO content of the silicate and thus increases
the oxidation state relative to the IW buﬀer.
Images of two of our recovered diamond anvil cell sam-
ples are shown in Fig. 2. Their morphology is similar to that
seen in previous studies of liquid metal–liquid silicate parti-
tioning in a diamond anvil cell (Bouhifd and Jephcoat,
2003, 2011; Siebert et al., 2012, 2013), consisting of a spher-
ical blob of metallic melt a few micrometers in diameter sur-
rounded by silicate melt. Both the metal and silicate melts
exhibit quench textures in all experiments (Fig. 2), also con-
sistent with previous studies (Siebert et al., 2012, 2013).
Quench texture in the metal consists of small (<100 nm)
spherical blobs, rich in Si and O, though they are too small
to determine whether or not they contain iron. Quench fea-
tures in the silicate consist of small metallic blobs, rich in
siderophile elements (Ni and Co). They are interpreted as
quench features on the basis of morphology (they are small
and regularly spaced) and composition (they have a very
diﬀerent composition from the central metallic melt, which
is considered to have equilibrated with the silicate melt). We
ﬁnd no detectable compositional gradients within either the
metallic or silicate melts.
Fig. 3. Backscattered electron image of a recovered multianvil
press sample from 25 GPa and 2850 K, run for 5 min. Fp,
ferropericlase.
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of Mg by TEM-EDX when analyzing metallic regions of
diamond cell samples. Its abundance does not vary system-
atically with pressure or temperature, so we attribute it to
spurious X-rays from the surrounding silicate, given the
small sample sizes (Wade and Wood, 2012). This prevents
an accurate measurement of Mg partitioning. Analyses of
metal apparently containing less than 1 mol% Mg were cor-
rected by subtracting a component of silicate melt to pro-
duce zero magnesium in the metal; analyses containing
more Mg than this were not used in further calculations.
In calculating the sample compositions, we also do not
include small amounts of Pt or Cu (caused by spurious
X-rays from the TEM grid) or Ga (implantation from the
FIB process) detected by EDX.
A scanning electron image of one of our multianvil press
run products is shown in Fig. 3. Their morphology is sim-
ilar to that of previous multianvil press experiments on
molten metal–silicate mixtures (e.g., Mann et al., 2009)
and also the present diamond cell experiments, albeit at a
much larger spatial scale. One or a few large metallic ponds
(a few hundred micrometers across) were surrounded by sil-
icate melt. In addition, ferropericlase coexisted as the liq-
uidus phase. Quench textures in the metal consist of blobs
several to ten micrometers across containing FeO and
sometimes SiO2, and/or needle and diamond-shaped inclu-
sions of SiO2 that are homogeneously distributed in a metal
matrix (Fig. 3). In every experiment the metallic matrix was
chemically homogeneous on the scale of electron micro-
probe analyses. These textures are similar to those of previ-
ous multianvil experiments in the Fe–Si–O system (e.g.,
O’Neill et al., 1998; Kawazoe and Ohtani, 2006).
Quenched silicate melts exhibit elongated crystals of sili-
cates (e.g., bridgmanite at 25 GPa). While large ferroperi-
clase crystals formed in the silicate melt matrix, we found
no systematic variation of the quenched silicate melt com-
positions over the whole area inside the capsule.
4. DISCUSSION
The 20 experiments presented here illustrate the parti-
tioning behaviors of Ni, Co, V, Cr, Si, and O over a wide
range of P–T conditions. When combined with literaturedata (Table A.3), the eﬀects of pressure, temperature, and
composition on the partitioning behaviors of these elements
can be modeled, and then applied to understanding the con-
ditions of core formation and the composition of the
Earth’s core. In this section, we quantify partitioning in
our experiments, parameterize compositional eﬀects on
the data, and model Earth’s core formation.
4.1. Quantiﬁcation of partitioning behavior
The metal–silicate partitioning behavior of an element M
with valence n can be described by its partition coeﬃcient,
D ¼ XmetM
X sil
MOn=2
, where XmetM is the mole fraction of the element in
the metallic melt and X silMOn=2 is the mole fraction of the ele-
ment’s oxide in the silicate melt. If n is known, the eﬀects of
oxygen fugacity can be removed through use of the exchange
coeﬃcient, which is deﬁned as KD = DM/DFe
n/2. In the case
of oxygen, the exchange coeﬃcient is deﬁned as
KD ¼ X
met
Fe
Xmet
O
X sil
FeO
(Frost et al., 2010). We have calculated D and
KD for each element that is present in both the metal and sil-
icatemelts in our experiments. The valence states of Cr andV
in the silicate melt at high pressures are taken to be +2 and
+3, respectively, based on previous studies (Corgne et al.,
2008; Mann et al., 2009; Siebert et al., 2011). The values we
found for D and KD in each experiment are listed in
Table 1. In the discussion below, we parameterize the eﬀects
of pressure and temperature on the partitioning of element i
using the relationship:
log10ðKiDÞ ¼ ai þ
bi
T
þ ciP
T
ð2Þ
with pressure in GPa and temperature in Kelvin. This equa-
tion includes no compositional dependences, which will be
discussed further in Section 4.2.
Two of our diamond cell experiments were run at nearly
identical conditions, with diﬀering silicon concentrations in
the metallic starting materials. They were found to have
similar ﬁnal compositions, although one contained more
carbon (Table A.2). The logKD values for these two exper-
iments are compatible within 2r (Table 1), demonstrating
that pressure and temperature have more control over par-
titioning than composition does. Several sets of multianvil
press experiments were run at the same P–T conditions
and varying oxygen fugacity (e.g., 25 GPa and 2950 K).
The logKD values that we calculated in these experiments
are compatible within 2r.
4.1.1. Partitioning of Ni and Co
The metal–silicate partitioning behaviors of Ni and Co
are perhaps the best-studied of any siderophile elements
at high P–T conditions (e.g., Fig. 4, caption), and are com-
monly used to infer conditions of core formation
(Section 4.3.1). Fig. 4 is a compilation of many of the pre-
vious results on Ni and Co (Table A.3), along with our data
from Table 1. The KD values shown here have been recalcu-
lated from the original data of these studies to ensure a
common deﬁnition. Not all of these studies focused on Ni
and Co partitioning, but they all included these elements
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Fig. 4. Exchange coeﬃcients of Ni (A) and Co (B). Uncorrected data (symbols) are shown compared to isobars calculated from the ﬁts of Eq.
(2) (Table 2), illustrating the temperature dependence of partitioning at ﬁxed pressures. Error bars are shown only for the data from the
present study (triangles). Data from P > 25 GPa are color-coded by pressure range (purple: 25–50 GPa, blue: 50–75 GPa, green: 75–100 GPa)
with the symbol indicating the study. Data from 5 to 25 GPa are taken from Bouhifd and Jephcoat (2003), Bouhifd et al. (2013), Chabot et al.
(2005), Corgne et al. (2008), Geßmann and Rubie (1998), Hillgren et al. (1996), Jana and Walker (1997), Kegler et al. (2008), Siebert et al.
(2011), Thibault and Walter (1995), and this study. Only data without sulfur in the system are shown. Residuals are shown in Fig. A.1. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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their reported data. This ﬁgure highlights the relative lack
of partitioning data at P > 25 GPa, despite the fact that
core formation is thought to have occurred at higher eﬀec-
tive pressures than this (e.g., Li and Agee, 2001; Bouhifd
and Jephcoat, 2003, 2011; Wade and Wood, 2005; Kegler
et al., 2008; Mann et al., 2009; Righter et al., 2011;
Siebert et al., 2012), and this dearth of data at higher pres-
sures makes it diﬃcult to interpret partitioning data as a
signature of core formation (Walter and Cottrell, 2013).
This study aims to alleviate this problem by adding results
from ﬁve experiments run at these higher pressure
conditions.
In all of our ﬁgures and ﬁtting, we do not use data with
sulfur in the system. We also do not use data obtained from
below 5 GPa, due to a possible change in the silicate meltand/or metallic melt structure around this pressure that
may aﬀect partitioning (e.g., Kegler et al., 2008; Palme
et al., 2011; Sanloup et al., 2011). The exclusion of data
from below 5 GPa results in signiﬁcantly better ﬁts to our
high pressure diamond anvil cell results. For completion,
data from below 5 GPa are included in the compilation of
literature data in Table A.3 (e.g., Chabot and Agee, 2003;
Righter et al., 2010).
In the case of both nickel and cobalt, the data from our
two experiments at nearly identical conditions but diﬀerent
carbon contents (blue triangles) are indistinguishable.
Additionally, comparing carbon contents of the
P < 25 GPa data shown in Fig. 4 does not reveal any sys-
tematic trends of partitioning with C content. Therefore,
it is apparent from these data that carbon does not play a
signiﬁcant role in controlling the partitioning behaviors of
184 R.A. Fischer et al. /Geochimica et Cosmochimica Acta 167 (2015) 177–194Ni and Co, at least at low carbon contents, which is consis-
tent with previous results at high P–T (e.g., Chabot et al.,
2005; Siebert et al., 2011).
We have ﬁt Eq. (2) to all of the data from P > 5 GPa on
Ni and Co partitioning, and the resulting parameters are
listed in Table 2. Ni partitioning has a stronger pressure
and temperature dependence than Co partitioning. The val-
ues of a, b, and c we ﬁnd for Ni and Co (Table 2) fall within
the broad range of values determined in previous studies,
which are summarized in Siebert et al. (2012), and they
agree within 2r with the coeﬃcients found by that study.
We obtain good ﬁts to the data using Eq. (2), with a root
mean squared (rms) misﬁt to logKD of 0.15 and 0.18 log
units for Ni and Co, respectively.
Fig. 4 also shows isobars calculated from the ﬁtted
parameters given in Table 2. Good ﬁts are obtained without
any corrections for the light element content of the metal,
illustrating the relative insensitivity of nickel and cobalt
to the metallic melt composition. Fig. A.1 illustrates the
residuals to the ﬁts for Ni and Co. Our ﬁts adequately
describe the Ni and Co partitioning data of this study as
well as those of the previous diamond anvil cell studies
(Bouhifd and Jephcoat, 2003, 2011; Siebert et al., 2012).
This broad agreement between these studies on the parti-
tioning behaviors of Ni and Co is remarkable given theTable 2
Parameterizations of partitioning data from Eq. (2). Uncertainties do
matrices describing the Ni, Co, Si, and O ﬁts are shown in Tables A.5–A
Element i ai bi (K) ci (K/GPa) R
2 rms logK
Ni 0.46 ± 0.16 2700 ± 300 61 ± 6 0.89 0.15
Co 0.36 ± 0.15 1500 ± 300 33 ± 5 0.57 0.18
V 0.3 ± 0.6 5400 ± 1200 19 ± 19 0.66 0.33
Cr 0.0 ± 0.3 2900 ± 700 9 ± 11 0.51 0.21
Si 1.3 ± 0.3 13,500 ± 900 0.76 0.43
O 0.6 ± 0.4 3800 ± 900 22 ± 14 0.52 0.29complexity of experiments and analyses from these P–T
conditions. Fig. A.2 is analogous to Fig. 4, but shows
logKD as a function of pressure.
At low pressures, both Ni and Co become less sidero-
phile relative to iron (lower KD) with increasing tempera-
ture. As pressure increases, their partitioning becomes less
sensitive to temperature, and at 45 GPa the temperature
dependence reverses (Figs. 4 and A.2). At higher pressures,
Ni and Co become more siderophile relative to iron with
increasing temperature. This behavior is consistent with
previous results on Ni and Co partitioning (Siebert et al.,
2012) and with the relative behaviors of the Ni–NiO and
Fe–FeO oxygen fugacity buﬀers at high P–T conditions,
calculated from the equations of state of coexisting
metal–oxide pairs, whose diﬀerence describes the ideal com-
ponent of Ni partitioning (Campbell et al., 2009). Results of
these previous studies on Ni partitioning are compared in
Fig. A.3.
4.1.2. Partitioning of V and Cr
The partition coeﬃcients of V and Cr are known to be
sensitive to carbon content at P < 25 GPa (e.g., Mann
et al., 2009; Siebert et al., 2011). Additionally, a recent
study by Siebert et al. (2013) presents data on the partition-
ing of V and Cr with a discontinuous increase in logKD ofnot account for covariance between terms. Variance–covariance
.8.
D # data # studies Studies
109 13 Bouhifd and Jephcoat (2003, 2011),
Bouhifd et al. (2013), Chabot et al. (2005),
Corgne et al. (2008), Geßmann and Rubie
(1998), Hillgren et al. (1996), Jana and
Walker (1997), Kegler et al. (2008),
Siebert et al. (2011, 2012),Thibault and
Walter (1995), this study
97 11 Bouhifd and Jephcoat (2003, 2011),
Chabot et al. (2005), Geßmann and Rubie
(1998), Hillgren et al. (1996), Jana and
Walker (1997), Kegler et al. (2008),
Siebert et al. (2011, 2012),Thibault and
Walter (1995), this study
42 6 Geßmann and Rubie (1998), Mann et al.
(2009), Siebert et al. (2011, 2013), Wade
and Wood (2005), this study
53 8 Corgne et al. (2008), Geßmann and Rubie
(1998), Mann et al. (2009), Siebert et al.
(2011, 2013), Thibault and Walter (1995),
Wade and Wood (2005), this study
64 8 Bouhifd and Jephcoat (2011), Corgne
et al. (2008), Geßmann and Rubie (1998),
Ito et al. (1995), Mann et al. (2009),
Siebert et al. (2012), Tsuno et al. (2013),
this study
79 10 Bouhifd and Jephcoat (2011), Chabot
et al. (2005), Corgne et al. (2008),
Geßmann and Rubie (1998), Hillgren
et al. (1996), Jana and Walker (1997),
Ricolleau et al. (2011), Siebert et al.
(2012), Tsuno et al. (2013), this study
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which also corresponds to a change in apparatus from a
multianvil press to a diamond anvil cell.
Fig. 5 summarizes the previous results on V and Cr from
Siebert et al. (2013) and several multianvil press studies
from S-free systems. The data below 25 GPa are
color-coded as to whether or not they contain carbon, illus-
trating the strong eﬀect that carbon has on the partitioning
of these elements. Fig. 5 also shows our results on V and Cr.
They are consistent with the recent results of Siebert et al.
(2013), with both diamond anvil cell studies implying more
siderophile behavior of V and Cr than would be expected
by extrapolating the C-free data from lower pressures.
This behavior can be understood through the eﬀects of
metallic melt composition or may indicate a change in
valence, as discussed in Section 4.2.2. The parameters inFig. 5. Exchange coeﬃcients of V (A) and Cr (B). Uncorrected data (sym
(3) (Table 3) corrected to no light elements (lines), illustrating the tempe
pressure dependence in the Cr ﬁt is not shown). The insets show the data c
study (triangles) have error bars. Data from P > 25 GPa are color-coded
100 GPa) with the symbol indicating the study. Data from 5 to 25 GPa
Mann et al. (2009), Siebert et al. (2011), Thibault and Walter (1995), Wad
system are shown. Residuals are shown in Fig. A.5. (For interpretation of
the web version of this article.)Table 2 describe the ﬁts of Eq. (2) to V and Cr partitioning
data from P > 5 GPa. Neither element has a resolvable
pressure dependence. These ﬁts are not as good as for Ni
and Co, due to compositional eﬀects on V and Cr partition-
ing and/or valence changes (Section 4.2.2), resulting in rms
misﬁts to logKD of 0.33 and 0.21 log units for V and Cr,
respectively, with systematic oﬀsets correlated with metallic
melt composition.
4.1.3. Partitioning of Si and O
Si and O are thought to be at least partly responsible for
the core’s density deﬁcit (e.g., Poirier, 1994; Alle`gre et al.,
1995; McDonough, 2003), so a better understanding of
their partitioning could help to clarify the light element
composition of the Earth’s core. In our experiments we
have produced metallic compositions containing up tobols) are shown compared to isobars calculated from the ﬁts of Eq.
rature dependence of partitioning at ﬁxed pressures (the very small
orrected for the presence of O, Si, and C. Only data from the present
by pressure range (purple: 25–50 GPa, blue: 50–75 GPa, green: 75–
are taken from Corgne et al. (2008), Geßmann and Rubie (1998),
e and Wood (2005), and this study. Only data without sulfur in the
the references to color in this ﬁgure legend, the reader is referred to
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than the Earth’s core could contain based on its density
(e.g., Fischer et al., 2011, 2014). This implies that we have
surpassed the mean conditions of core formation in our
experiments, and we can now interpolate rather than
extrapolate our metal–silicate partitioning data.
Fig. 6 shows previous results on Si and O partitioning
from Siebert et al. (2012), Bouhifd and Jephcoat (2011),
and various multianvil press studies, as well as the results
of the present study. The Si and O data are both approxi-
mately linear in inverse temperature, suggesting minimal
pressure dependence. Silicon partitioning has a stronger
temperature dependence (steeper slope) than oxygen. We
have ﬁt Eq. (2) to the Si and O partitioning data from
P > 5 GPa, and the resulting parameters are listed in
Table 2. Fig. 6 illustrates ﬁts to the data, with the residuals
to these ﬁts shown in Fig. A.4.Fig. 6. Exchange coeﬃcients of Si (A) and O (B). Uncorrected data (symb
of Si has no resolvable pressure dependence. Only data from the present
coded by pressure range (purple: 25–50 GPa, blue: 50–75 GPa, green: 7
25 GPa are taken from Chabot et al. (2005), Corgne et al. (2008), Geßman
Walker (1997), Mann et al. (2009), Ricolleau et al. (2011), Tsuno et al.
shown. Residuals are shown in Fig. A.4. (For interpretation of the refere
version of this article.)4.2. Epsilon modeling
To correct for compositional eﬀects on the exchange
coeﬃcient KD, we use the epsilon formalism of Ma (2001)
to describe non-ideal interactions of N components in the
Fe-rich liquid:
log10K
i
D ¼ai þ
bi
T
þ ciP
T
þ e
i
i lnð1 X iÞ
2:303
þ 1
2:303
XN
k¼2
k–i
eikX k 1þ
lnð1 XkÞ
X k
 1
1 X i
 
 1
2:303
XN
k¼2
k–i
eikX
2
kX i
1
1 X i þ
1
1 Xk þ
X i
2ð1 X iÞ2
 1
 !
ð3Þ
where Xi is the mole fraction of component i in the liquid
(here i = 1 for Fe), eki ¼ eik is the interaction parameter of
elements i and k in the liquid, and the factor of 2.303ols) are shown compared to the ﬁts of Eq. (2) (Table 2). Partitioning
study (triangles) have error bars. Data from P > 25 GPa are color-
5–100 GPa) with the symbol indicating the study. Data from 5 to
n and Rubie (1998), Hillgren et al. (1996), Ito et al. (1995), Jana and
(2013), and this study. Only data without sulfur in the system are
nces to color in this ﬁgure legend, the reader is referred to the web
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involving epsilons describe the compositional eﬀects of the
metallic liquid on the activity coeﬃcient of element i. In
writing this equation, we assume that the ratio cMOn=2=c
n=2
FeO
(where c is an activity coeﬃcient) is not a strong function
of silicate melt composition, after Wade and Wood
(2005). We do not include any explicit dependence on sili-
cate melt composition, because no resolvable eﬀect was
found in this dataset. It is also assumed here that the activ-
ity coeﬃcient of Fe in the metal (cFe) is not dependent on
composition over the compositional range studied. This
term, along with a c0i term (Ma, 2001), are not explicitly
included in Eq. (3) because they both follow an
a + b/T + cP/T dependence, and so they are incorporated
into the ai, bi, and ci ﬁtting parameters.
For each element of interest (i = Ni, Co, V, Cr, Si, O),
the parameters ai, bi, and ci are ﬁt, as well as various inter-
action parameters. Self-interaction parameters (eii) are
assumed to be negligible for trace metals (Ni, Co, V, and
Cr), but not for light elements (Si, O, and C). We do not
ﬁt interactions between trace metals, whose abundances
are too low to have a signiﬁcant eﬀect on each other. We
consider interaction parameters between each trace element
and each of the three light elements. The parameter eik at
temperature T is described in the Steelmaking Data
Sourcebook (Japan Society for the Promotion of Science
and the Nineteenth Committee on Steelmaking, 1988) as
eikðT Þ ¼
eikMiT ref
0:242
1
T
 Mi
55:85
þ 1 ð4Þ
where Mi is the molar mass of element i (in g/mol) and Tref
is the reference temperature at which the interaction param-
eter eik is determined. We ﬁt ai, bi, ci, e
i
O, e
i
Si, and e
i
C for each
element, using Tref = 1873 K as in the steelmaking litera-
ture. The results are shown in Table 3. No pressure depen-
dence on the epsilon terms was resolvable at the 95%
conﬁdence level. These parameters quantify the eﬀects of
light elements on the partitioning of other elements in the
system.
4.2.1. Compositional eﬀects on nickel and cobalt partitioning
Nickel and cobalt are highly insensitive to metallic melt
composition, and are ﬁt well without compositional terms.
Fitting Eq. (3) to the Ni and Co data resulted in no epsilon
terms that were signiﬁcant at the 95% conﬁdence level.
Table A.4 lists epsilon values for Ni and Co published in
the Steelmaking Data Sourcebook (Japan Society for the
Promotion of Science and the Nineteenth Committee onTable 3
Results of epsilon modeling. Parameters for each element were ﬁtted to E
Table 2. Uncertainties do not account for covariance between terms. Var
Tables A.9 and A.10.
Element i eO
i eSi
i eC
i ai
V 0.077 ± 0.008 0.039 ± 0.014 0.036 ± 0.005 
Cr 0.037 ± 0.007 0.015 ± 0.002 
Si 0.06 ± 0.02 0.
O 0.12 ± 0.04 0.11 ± 0.05 0.11 ± 0.02 0.Steelmaking, 1988) and Tuﬀ et al. (2011). Most of the val-
ues in the Steelmaking Data Sourcebook are non-zero but
small, in general agreement with our ﬁndings. Tuﬀ et al.
(2011) report signiﬁcantly larger values of eNiSi and e
Co
Si ,
which are inconsistent with our more extensive dataset.
4.2.2. Compositional eﬀects on vanadium and chromium
partitioning
In contrast to nickel and cobalt, V and Cr partitioning
are strongly dependent on the metallic melt composition
in our analysis. The isobars shown in Fig. 5 are calculated
from the ﬁtted parameters in Table 3, extrapolated to zero
light elements in the metal. For vanadium and chromium,
only the data below 25 GPa without C were not strongly
aﬀected by the presence of light elements in the metallic
melt (Fig. 5). The insets in Fig. 5 illustrate the ﬁts to the
data after correction to no light elements. Pressure has a
very weak eﬀect on the partitioning of Cr, with its P/T coef-
ﬁcient indistinguishable from zero (Table 3). The parameter
eCrSi is also not signiﬁcant at the 95% conﬁdence level.
Fig. A.5 illustrates the residuals to the ﬁts for V and Cr.
Adding compositional terms signiﬁcantly improves the ﬁts
to V and Cr partitioning data, lowering the rms misﬁts on
logKD to 0.14 and 0.13, respectively (Table 3).
The strong eﬀect of carbon on V and Cr partitioning is
evident from a comparison of the multianvil press data with
and without carbon; however, it cannot explain the
increased siderophility observed at higher pressures. Even
with our ability in this study to accurately measure carbon
in the metallic melt using EELS, we ﬁnd too small an
amount to account for this behavior. One explanation for
this increased siderophility is the interaction of oxygen with
V and Cr as ﬁrst proposed by Siebert et al. (2013) and
described here by the parameters in Table 3. The apparent
discontinuity in the siderophility of these elements is due to
the much higher oxygen contents of the metallic melts in
diamond cell experiments. It can be entirely corrected using
the epsilon formalism (Fig. 5 insets), though this results in a
very large correction due to oxygen of up to >1 log unit for
V and >0.5 log units for Cr. This change in KD at high pres-
sures could also be due to an increase in the valence states
of these elements in the silicate melts instead of being a con-
sequence of strong interactions with oxygen in the metal. A
change in valence could be induced by the higher pressures
and temperatures in diamond anvil cell experiments, similar
to the possible pressure-induced valence change in tungsten
in silicate melts (Cottrell et al., 2009), or by the higher fO2
in these experiments. Applying Eq. (1) to the compositions
from previous studies reported in Table A.3 shows thatqs. (3) and (4), where eik is ﬁt at 1873 K. The same data were ﬁt as in
iance–covariance matrices describing the V and Cr ﬁts are shown in
bi (K) ci (K/GPa) R
2 rms logKD
1.5 ± 0.3 2300 ± 700 9 ± 9 0.94 0.14
0.3 ± 0.2 2200 ± 600 5 ± 7 0.81 0.13
6 ± 0.3 11,700 ± 800 0.82 0.37
1 ± 0.4 2200 ± 900 5 ± 12 0.67 0.24
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ing span IW–0.6 to IW–1.4, while these multianvil press
experiments on their partitioning span IW–1.4 to IW–5.2;
these two types of experiments do not overlap in pressure
or oxygen fugacity, so caution should be used when inter-
preting discontinuities between them. Previous work at
pressures up to 18 GPa are consistent with valence states
of +2 for Cr and +3 for V (Corgne et al., 2008; Mann
et al., 2009; Siebert et al., 2011), so there is no direct sup-
port for this interpretation. Future work on the valences
of V and Cr in silicate melts at pressures extending beyond
30 GPa and at a greater range of fO2 could help resolve this
issue.
Table A.4 compares the epsilon values we found for V
and Cr to those reported in the Steelmaking Data
Sourcebook (Japan Society for the Promotion of Science
and the Nineteenth Committee on Steelmaking, 1988),
Tuﬀ et al. (2011), and Siebert et al. (2013). The values found
in this study generally agree with previous results within
mutual 2r uncertainty. For example, this study and
Siebert et al. (2013) found values for eCrO of 7.9 ± 1.6
and 7.2 ± 2.1, respectively. The largest disagreement is
reported for eVSi (8 ± 3 in this study, 2.0 ± 0.4 in Tuﬀ et al.
(2011), and 5.2 in the Steelmaking Data Sourcebook).
Some of the observed discrepancies may indicate that
dependences on diﬀerent light elements are correlated.
For example, experiments at higher pressures and tempera-
tures tend to contain both increased Si and O concentra-
tions in the metal, making it diﬃcult to accurately
distinguish their eﬀects. The results of the present study
are based on data obtained over a wide range of pressure
(5–100 GPa) and temperature (up to 5700 K), while previ-
ous studies are based only on 1 bar data or data from a
more limited P–T range, which may inﬂuence the results.
The inclusion of data from P < 5 GPa in previous studies
may also account for some of this variation.
4.2.3. Compositional eﬀects on silicon and oxygen
partitioning
Fig. A.6 illustrates our ﬁts of Eq. (3) to the partitioning
data of Si and O. The insets demonstrate a closer corre-
spondence after correcting the data to inﬁnitesimal light ele-
ment concentrations. We ﬁnd no resolvable pressure eﬀects
on Si partitioning. The Si–Si and Si–C interaction parame-
ters eSiSi and e
Si
C are also not signiﬁcant at the 95% conﬁdence
level, so they were held ﬁxed at zero in the ﬁts.
We ﬁnd values of Si–O and O–O interaction parameters
that produce positive interactions during the partitioning of
these elements, in agreement with the ﬁndings of Tsuno
et al. (2013). For example, higher oxygen contents in the
metal will cause more oxygen and more silicon to partition
into the metal. The epsilon ﬁts describe the partitioning
data, but are not stable for use in modeling the composition
of the Earth’s core (Section 4.3) due to this runaway eﬀect,
which causes models to become unstable at high light ele-
ment contents of the metal. This problem points to the need
for additional partitioning data at high pressures and tem-
peratures from diamond anvil cell experiments.
Interactions involving Si and O in metallic melts have
been investigated in several previous studies (e.g., JapanSociety for the Promotion of Science and the Nineteenth
Committee on Steelmaking, 1988; Dresler, 1989;
Bouchard and Bale, 1995; Shibaev and Grigorovich, 2008;
Ricolleau et al., 2011; Tuﬀ et al., 2011; Tsuno et al.,
2013). The epsilon values eSiSi, e
Si
O, e
Si
C , e
O
O, and e
C
O from these
studies are compared to our results in Table A.4. The epsi-
lon values from diﬀerent studies disagree in some cases,
possibly due to correlations in light element contents or
other pressure or temperature eﬀects (Section 4.2.2).
4.3. Applications of partitioning data
Matching the observed mantle composition of Ni and
Co using high P–T partitioning can oﬀer insight into the
conditions of core formation and/or the composition of
the Earth’s core. In this section, we use geochemical con-
straints on the core and mantle compositions to model core
formation at a single eﬀective pressure and temperature and
under evolving P–T–fO2 conditions.
4.3.1. Core formation at a single eﬀective pressure and
temperature
Many previous studies have used Ni and Co partitioning
to determine a single pressure and temperature of core for-
mation (e.g., Li and Agee, 1996, 2001; Wade and Wood,
2005; Siebert et al., 2011, 2012); here we reproduce this cal-
culation using our new results. Though core formation
likely occurred in a series of stages as the Earth grew
(Section 4.3.2), consideration of a single pressure–tempera-
ture equilibration can provide a useful shorthand for the
complex history of the planet. It can be thought of as the
eﬀective conditions of core formation, allowing for calcula-
tion of the core’s composition and comparisons between
partitioning results.
Many studies (e.g., McDonough and Sun, 1995; Alle`gre
et al., 1995; McDonough, 2003) have reported composi-
tions of the bulk silicate Earth and the core. Adopting the
compositions from McDonough (2003) and McDonough
and Sun (1995) and constraining core formation to occur
along the mantle liquidus of Andrault et al. (2011), we
use our parameterizations of Ni and Co partitioning
(Table 2) to calculate a P–T point for both Ni and Co that
reproduces the Earth’s eﬀective exchange coeﬃcients. To
produce nickel’s eﬀective logKD of 0.30 and cobalt’s
logKD of 0.26 (at an fO2 of IW–2) requires partitioning at
54 ± 5 GPa and the corresponding liquidus temperature
of 3300–3400 K (Andrault et al., 2011). The partitioning
behaviors of both elements point to the same P–T condi-
tions, which is important agreement given uncertainties in
the core composition, the parameterization of the data,
and the liquidus of the mantle. Fig. 7 illustrates these ﬁnd-
ings, mapping out the regions of P–T space that can repro-
duce the Earth’s distributions of Ni and Co. Constraining
core–mantle equilibration to instead occur between the
mantle’s solidus and liquidus (Andrault et al., 2011) leads
to a core formation pressure of 46–57 GPa and temperature
of 2800–3400 K. These results are in good agreement with
the ﬁndings of Bouhifd and Jephcoat (2011) and Siebert
et al. (2012), and are higher than results of earlier studies
that did not beneﬁt from data above 25 GPa (e.g., Li and
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Fig. 7. Pressure–temperature conditions of single-stage core formation, constrained by Ni and Co partitioning. Pink and blue shaded regions:
P–T conditions that produce the Earth’s KD of Ni and Co, respectively. Dashed black lines: solidus and liquidus of the mantle (Andrault et al.,
2011). Yellow shaded region: solution space of P–T conditions that simultaneously reproduce the Earth’s Ni and Co distributions at the base
of a magma ocean. Calculation is done at an oxygen fugacity of IW–2. This model suggests core formation at 46–57 GPa. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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calculated by propagating the variance–covariance matrices
of the Ni and Co ﬁts (Tables A.5 and A.6) through the
calculation.
We can then use this eﬀective pressure and temperature
of core–mantle equilibration to predict the core’s light ele-
ment concentration, which is independently constrained
by equation of state measurements. Comparing the densi-
ties of FeO, Fe–Si alloys, and pure Fe at core conditions
to the seismologically-determined density of the core allows
for calculation of the amount of each light element needed
to reproduce the core’s density deﬁcit. The outer core’s den-
sity can be matched by the addition of 11 wt% Si or 8 wt%
O to an Fe–Ni alloy for a core–mantle boundary tempera-
ture of 4000 K (Fischer et al., 2011, 2014), making these the
maximum amounts of these elements that can be present in
the core. Using our new parameterizations (Table 2), we
ﬁnd that equilibration at 54 ± 5 GPa and 3350 ± 50 K
would produce a core containing 8.5 ± 1.4 wt% Si and
1.6 ± 0.3 wt% O (uncertainties calculated from the vari-
ance–covariance matrices describing the Si and O ﬁts,
Tables A.7 and A.8), in agreement with the modeling of
Rubie et al. (2015a). A core of this composition is broadly
consistent with the core’s measured density, based on equa-
tion of state measurements (Fischer et al., 2011, 2014).
Therefore the partitioning behaviors of Ni, Co, Si, and O
are all compatible with a single-stage model of core forma-
tion at an eﬀective pressure and temperature of 54 GPa and
3350 K. The presence of other elements in the core, espe-
cially S, could further inﬂuence the partitioning of Si and
O. Additional experiments on metal–silicate partitioning
in the presence of sulfur are needed to clarify its eﬀects.
Our epsilon modeling on V and Cr can be used to calcu-
late their distributions in the Earth. Single-stage partition-
ing at 54 GPa and 3350 K with 8.5 wt% Si and 1.6 wt% O
in the metal would yield partition coeﬃcients (D) of0.37 ± 0.07 for V and 1.7 ± 0.3 for Cr (uncertainties calcu-
lated from the variance–covariance matrices describing the
V and Cr ﬁts, Tables A.9 and A.10). These values are lower
than their apparent values in the Earth of 2 and 3.5, respec-
tively, according to McDonough (2003) and McDonough
and Sun (1995). This result is consistent with the ﬁndings
of Wade and Wood (2005) that the partition coeﬃcients
of Ni, Co, and V cannot be simultaneously reproduced
along the mantle liquidus at a ﬁxed oxygen fugacity. The
broader ranges of possible partition coeﬃcients for the bulk
Earth reported by Wood et al. (2006) (1.5–2.2 for DV and
0.5–3.5 for DCr) suggest that we cannot rule out the possi-
bility of reproducing the partition coeﬃcient of Cr in a sin-
gle stage model of core formation, but that of V is still
diﬃcult to match.
4.3.2. Core formation over a range of pressures and
temperatures
As an improvement upon the single-stage model
described above (Section 4.3.1), we can apply our results
to models of core formation over a range of pressures
and temperatures, since core formation is thought to have
actually occurred in a series of equilibration steps during
Earth’s accretion. We have performed modeling similar to
that in many previous partitioning studies (e.g., Wade
and Wood, 2005; Wood et al., 2009; Ricolleau et al.,
2011; Siebert et al., 2011, 2012, 2013; Wade et al., 2012),
in which the Earth is built through the accretion of twenty
0.05 Earth mass planetary embryos. Each embryo is
assigned an initial metal and silicate composition and metal
fraction (Table A.11). With each collision, the impactor’s
metal and silicate equilibrate at 2/3 of the growing
Earth’s core–mantle boundary pressure (Rubie et al.,
2011) and the liquidus temperature at that pressure
(Andrault et al., 2011), then its metal and silicate are added
to the Earth’s core and mantle. Partitioning is determined
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Table 2, and our parameterizations using the epsilon for-
malism for V and Cr from Table 3.
Unlike previous partitioning studies that include models
of incremental core formation by imposing a ﬁxed or
changing oxygen fugacity (e.g., Wade and Wood, 2005;
Wood et al., 2009; Ricolleau et al., 2011; Siebert et al.,
2011, 2012, 2013; Wade et al., 2012), we follow the method-
ology of Rubie et al. (2011) in allowing oxygen fugacity to
evolve self-consistently as the Earth grows from impactors
of speciﬁed compositions. The Fe, Si, and Ni contents of
the mantle and Fe, Si, Ni, and O contents of the core are
calculated simultaneously from a system of seven equations
(mass balances for each of these four elements and parti-
tioning parameterizations for Si, Ni, and O), then trace ele-
ment partitioning is calculated. The oxygen fugacity relative
to the IW buﬀer (or equivalently, the FeO content of the
mantle and Fe content of the core) is a result of the equili-
bration calculation, not an input. If an oxygen fugacityFig. 8. Results of modeling of Earth’s core formation taking place over a
of the core (silicon: purple, oxygen: blue) throughout Earth’s accretion. (B
(blue). (C) Log of core–mantle partition coeﬃcients of chromium (orange
bulk planetary oxygen fugacity relative to the IW buﬀer (grey, right a
black  symbols are Earth values from McDonough (2003) (parts B–D
materials (IW–3.5). Dotted lines: model in which Earth is built from more
built from reduced materials for the ﬁrst 75% of accretion, then built from
from oxidized materials for the ﬁrst 75% of accretion, then built from redu
model from the variance–covariance matrices of the partitioning data ﬁts
the references to color in this ﬁgure legend, the reader is referred to therelative to IW were to be imposed, the partitioning behav-
ior of either silicon or oxygen would be speciﬁed by that
oxygen fugacity instead of constrained by experimental
data. Otherwise, there would be a violation of mass bal-
ance, because any change in the iron distribution (caused
by imposing an oxygen fugacity) must be compensated by
a change in the silicon distribution to avoid creating or
destroying oxygen atoms.
We tested four diﬀerent distributions of initial composi-
tions in our modeling. The two starting compositions,
which were generated by equilibrating a bulk composition
similar to a CI chondrite at two diﬀerent oxygen fugacities,
are listed in Table A.11. Results are shown in Fig. 8. We
found the best ﬁt to the Earth’s trace element distributions
by either building the Earth from a more reduced composi-
tion (IW–3.5), or by assigning the ﬁrst 75% of incoming
material a more reduced composition and the ﬁnal 25% a
more oxidized composition (IW–1.5) (Fig. 8B). The case
of increasing oxidation state of incoming material with timerange of pressures and temperatures. (A) Light element composition
) Log of core–mantle partition coeﬃcients of nickel (red) and cobalt
) and vanadium (green). (D) FeO in the mantle (black, left axis) and
xis). Filled rectangles are Earth values from Wood et al. (2006),
). Thick solid lines: model in which Earth is built from reduced
oxidized materials (IW–1.5). Dashed lines: model in which Earth is
oxidized materials. Thin solid lines: model in which Earth is built
ced materials. Representative error bars (calculated for the reduced
, Tables A.5–A.10) are shown in parts A–C. (For interpretation of
web version of this article.)
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with regard to many elements (Rubie et al., 2011, 2015a),
and it is compatible with N-body simulations of terrestrial
planet formation, which show that the Earth tends to
accrete material from farther from the Sun (more oxidized
material) at later times (e.g., Raymond et al., 2006; Fischer
and Ciesla, 2014; Rubie et al., 2015a). Fig. 8 also shows a
case in which the Earth is built entirely from the more oxi-
dized composition, which does not reproduce most trace
element distributions as well. We tested a case in which
the ﬁrst 75% of the Earth was built from oxidized material
and the last 25% from reduced material, inspired by the
model of Siebert et al. (2013); the results were virtually
indistinguishable from the oxidized case. This ﬁnding is
consistent with the recent study of Rubie et al. (2015a),
who also failed to produce a good ﬁt to Earth’s composi-
tion through the accretion of more reduced material at later
times. Fig. 8D shows that the incorporation of more
reduced material at later times is unable to lower the ini-
tially high FeO content of the mantle when Si partitioning
is included because we use a self-consistent mass balance
calculation for oxygen, whereas the FeO content of the
mantle can be approximately reproduced when starting
with more reduced materials.
Our models do not match Earth’s vanadium distribution
as well as they match those of other trace elements
(Fig. 8C). The more oxidized model provides a better match
for vanadium by increasing its D value at high pressures,
but this counterintuitive result is an artifact of a large V–
O interaction in the epsilon model. Vanadium’s partitioning
behavior at high pressures may be better explained by a
change in its valence state in the silicate melt
(Section 4.2.2). Alternatively, V and Cr may be preferen-
tially hosted in deep mantle phases. If so, their apparent
partition coeﬃcients in the Earth, calculated from measure-
ments of upper mantle composition, are not accurate
(Righter, 2011, 2015). Previous studies in the
piston-cylinder apparatus and multianvil press (Chabot
and Agee, 2003; Mann et al., 2009; Siebert et al., 2011;
Wood et al., 2014) have shown that both C and S make
vanadium more siderophile, which would provide a better
match to Earth’s apparent D if these elements are present
in the core.
The presently-available partitioning data can be used to
match the Earth’s Cr distribution in any of the models we
tested when comparing to the very broad range of possible
Earth compositions fromWood et al. (2006) (Fig. 8C), while
none of the models are a good match to the V distribution,
though this could be explained by a change inVvalence, pref-
erential hosting in lower mantle minerals, or interactions
with C or S, as discussed above. Based on these complica-
tions, these elements may not presently be good candidates
for discriminating between models for Earth’s formation
with diﬀerent oxidation states (e.g., Siebert et al., 2013).
Further work on the partitioning of vanadium in a diamond
anvil cell, especially quantiﬁcation of its valence state, the
eﬀects of sulfur and carbon, and partitioning between diﬀer-
ent mantle phases, will help clarify this issue.
Fig. 8A shows the evolution of the core’s silicon and
oxygen contents. For the cases of reduced building blocksor reduced then oxidized building blocks, the Earth’s core
is predicted to contain more silicon than oxygen, but sub-
stantial quantities of both (2.1–2.6 wt% O and 5.1–
6.7 wt% Si). For the case of oxidized building blocks, the
situation is reversed. In each case, our models produce core
compositions that are broadly consistent with the amounts
of light elements needed to match the core’s density accord-
ing to most previous studies (e.g., Sata et al., 2010; Fischer
et al., 2011, 2014; Zhang et al., 2014).
5. CONCLUSIONS
The metal–silicate partitioning of Ni, Co, V, Cr, Si, and
O have been measured in 15 multianvil press experiments
and ﬁve diamond anvil cell experiments up to 100 GPa
and 5700 K. These new data were combined with literature
data from 18 previous studies for a total of 179 experiments
(Ito et al., 1995; Thibault and Walter, 1995; Hillgren et al.,
1996; Jana and Walker, 1997; Geßmann and Rubie, 1998;
Bouhifd and Jephcoat, 2003, 2011; Chabot et al., 2005;
Wade and Wood, 2005; Corgne et al., 2008; Kegler et al.,
2008; Mann et al., 2009; Ricolleau et al., 2011; Siebert
et al., 2011, 2012, 2013; Bouhifd et al., 2013; Tsuno et al.,
2013) (Table A.3). Parameterizations dependent only on
pressure and temperature were ﬁt to the combined dataset
for Ni, Co, Si, and O, while a parameterization that is also
dependent on the metallic melt composition is preferred for
V and Cr. At low pressures, Ni and Co become less sidero-
phile with increasing temperature, with this trend reversing
at 45 GPa. V and Cr appear highly sensitive to metallic
melt composition, in particular to the oxygen and carbon
contents of the metal; alternatively, these elements may be
in a diﬀerent valence state at the higher oxygen fugacity
conditions of diamond cell experiments. Si and O partition-
ing are relatively insensitive to pressure, with Si having a
stronger temperature dependence than O.
The new parameterizations of these data can be used to
learn about the conditions of core formation and the com-
position of the core. For a single eﬀective pressure and tem-
perature of core formation, we ﬁnd that the Earth’s Ni and
Co distributions imply core–mantle equilibration at
54 ± 5 GPa and 3300–3400 K. Silicon and oxygen parti-
tioning are also compatible with equilibration at these P–
T conditions, which result in a core composition that is con-
sistent with the core’s measured density (8.5 ± 1.4 wt% Si,
1.6 ± 0.3 wt% O). The core formation process can also be
modeled more realistically using multi-stage core growth
models, which can approximately match the Earth’s Ni
and Co distributions and produce a core whose Si and O
contents are consistent with its density. The parameteriza-
tions for Ni, Co, V, Cr, Si, and O partitioning developed
here can serve as inputs into more complex models of
Earth’s core formation in the future.
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